The maize (Zea mays) Oh545o2 inbred accumulates an exceptionally high level of free amino acids, especially lysine (Lys), threonine (Thr), methionine, and iso-leucine. In a cross between Oh545o2 and Oh51Ao2, we identified several quantitative trait loci linked with this phenotype. One of these is on the long arm of chromosome 2 and is linked with loci encoding aspartate (Asp) kinase 2 and Asp kinase (AK)-homoserine dehydrogenase (HSDH) 2. To investigate whether these enzymes can contribute to the high levels of Asp family amino acids, we measured their specific activity and feedback inhibition properties, as well as activities of several other key enzymes involved in Lys metabolism. We did not find a significant difference in total activity of dihydrodipicolinate synthase, HSDH, and Lys ketoglutarate reductase between these inbreds, and the feedback inhibition properties of HSDH and dihyrodipicolinate synthase by Lys and/or Thr were similar. The most significant difference we found between Oh545o2 and Oh51Ao2 is feedback inhibition of AK by Lys but not Thr. AK activity in Oh545o2 is less sensitive to Lys inhibition than that in Oh51Ao2, with a Lys I 50 twice that of Oh51Ao2. AK activity in Oh545o2 endosperm is also higher than in Oh51Ao2 at 15 d after pollination, but not 20 d after pollination. The results indicate that the Lys-sensitive Asp kinase 2, rather than the Thr-sensitive AK-HSDH2, is the best candidate gene for the quantitative trait locus affecting free amino acid content in Oh545o2.
The opaque-2 (o2) mutation in maize (Zea mays) improves the nutritional quality of the grain by enhancing endosperm Lys content (Mertz et al., 1964) . The higher level of Lys in o2 endosperm is primarily a consequence of increased synthesis of Lyscontaining proteins (Moro et al., 1996; Sun et al., 1997) , but these mutants also have higher than normal levels of free Lys. Part of the explanation for the increase in free Lys is the loss of Lys ketoglutarate reductase (LKR) activity (EC 1.5.1.9), an enzyme that degrades Lys as the endosperm matures (Arruda et al., 2000) . However, there is also evidence for increased Lys synthesis and/or accumulation of other amino acids (Sodek and Wilson, 1970; Misra et al., 1975; Sodek, 1976) . In characterizing several wildtype and o2 maize inbred lines, we found evidence for high levels of amino acids derived from the Asp pathway (Lys, Thr, Met, and iso-Leu), as well as Ala and Ser, in o2 mutants (Wang and Larkins, 2001) . By analyzing the progeny of a cross between Oh545o2 and Oh51Ao2, we identified four quantitative trait loci (QTLs) that account for about 50% of the variability in the high free amino acid (FAA) trait. A QTL on the long arm of chromosome 2 that is responsible for 11% of the phenotypic variability occurs in proximity with genes encoding a monofunctional Asp kinase 2 (Ask2) and a bifunctional Asp kinase-homoSer dehydrogenase-2 (AK-HSDH2). As a consequence, these genes are good candidates to explain the increased synthesis of Asp-derived amino acids in this mutant.
The Asp pathway directs Lys synthesis and is feedback regulated by its end products (Gengenbach et al., 1978; Bryan, 1990; Galili, 1995; Azevedo et al., 1997; Fig. 1) . AK (EC 2.7.2.4), the first enzyme in this pathway, catalyzes the conversion of Asp to ␤-aspartyl phosphate. In maize, there are at least five genes encoding two or more isoforms of this enzyme, based on their feedback inhibition properties (Dotson et al., 1989; Azevedo et al., 1992a; Muehlbauer et al., 1994a Muehlbauer et al., , 1994b . Two genes, Ask1 and Ask2, encode monofunctional AKs that have been mapped to the short arm of chromosome 7 and the long arm of chromosome 2, respectively (Azevedo et al., 1990; Muehlbauer et al., 1994a) . The AK in Ask1 and Ask2 mutants is less sensitive to Lys inhibition and results in overproduction of Lys, Thr, Met, and iso-Leu (Dotson et al., 1990a; Muehlbauer et al., 1994a ). Ask1 appears to be regulated by O2, because in double mutants of Ask1 and o2, AK is less sensitive to Lys inhibition than in Ask1 mutants alone (Azevedo et al., 1990; Brennecke et al., 1996) . There are at least three bifunctional AK-HSDH genes in maize, and they appear to encode Thr-sensitive isoforms of AK (Azevedo et al., 1992b; Muehlbauer et al., 1994b) . Two AK-HSDH genes were mapped to the long arm of chromosome 2 and the short arm of chromosome 4 (Muehlbauer et al., 1994b) .
HSDH (EC 1.1.1.3), another enzyme of the Asp pathway, uses NADPH to convert Asp semialdehyde (ASA) to homo-Ser (Fig. 1) . In maize, there are two different isoforms of HSDH, one Thr sensitive and one Thr insensitive (Walter et al., 1979) . Depending on the tissue and developmental stage, the relative level of the two isoforms is variable (Matthews et al., 1975; Bryan and Lochner, 1981) . Carrot (Daucus carota) HSDH can be changed in vitro between a Thr-sensitive trimeric form and a Thr-insensitive dimeric form (Matthews et al., 1989; Turano et al., 1990) . The Thr-sensitive trimeric form requires Thr, whereas the Thr-insensitive dimeric form requires potassium (Turano et al., 1990) . Several genes could encode HSDH in maize. It was predicted that AK-HSDH genes encode the Thr-sensitive form, due to the relationship of the M r of the purified enzyme and cDNA sequences (Muehlbauer et al., 1994b) ; however, it is not clear whether there is monofunctional HSDH in plants. The degree to which feedback inhibition of HSDH by Thr limits Thr synthesis is unknown, and mutations of these genes have not been identified. DHDPS (EC 4.2.1.52), a key regulatory enzyme in Lys biosynthesis, catalyzes the formation of dihydrodipicolinic acid by condensing pyruvate and ASA (Fig. 1) . DHDPS is highly sensitive to Lys feedback regulation; when expressed in Escherichia coli, 50% of the maize DHDDS activity is inhibited (I 50 ) by 7m Lys (Vauterin et al., 2000) . Plants with a mutant DHDPS are less sensitive to Lys feedback inhibition and overproduce the amino acid (Ghislain et al., 1995) . Because bacterial DHDPS is less sensitive than plant DHDPS to Lys, genes encoding bacterial DH-DPS have been used to genetically engineer plants that overproduce Lys (Falco et al., 1995) .
As previously noted, Lys degradation is another important factor influencing Lys content in maize endosperm (Arruda et al., 2000) . LKR is the initial enzyme involved in Lys degradation, and its activity is dramatically reduced in o2 mutants (BrochettoBraga et al., 1992; Kemper et al., 1999) . Therefore, it is thought that the reduction in LKR activity is primarily responsible for the increased Lys content in o2 endosperm.
Here we report the analysis of key enzymes involved in Lys biosynthesis and degradation in Oh545o2 and Oh51Ao2. The specific activity of AK in Oh545o2 is higher than in Oh51Ao2 at 15 d after pollination (DAP), but not at 20 DAP. The most significant difference we found between AK activities in the endosperm of these mutants is feedback inhibition by Lys, but not by Thr. The AK in Oh545o2 has an I 50 for Lys that is twice that of the AK in Oh51Ao2, indicating that it is less sensitive to Lys inhibition. We did not find a difference in level or specific activity of HSDH and DHDPS in Oh545o2 and Oh51Ao2, and the feedback inhibition properties by Lys and/or Thr are similar. These results suggest that Ask2, rather than AK-HSDH2, is the best candidate gene for the QTL on the long arm of chromosome 2 that influences FAA content.
RESULTS

The Effects of the QTL on the Long Arm of Chromosome 2 on the FAA Content and Composition
To evaluate the effect of the QTL on the long arm of chromosome 2 on endosperm amino acid composition, we used a flanking marker, bmc1329, to separate the F 2:3 progeny of the Oh545o2 ϫ Oh51Ao2 cross into three genotypes: 25 homozygous-like Oh545o2, 25 homozygous-like Oh51Ao2, and 55 heterozygous. Twenty micrograms of endosperm flour from each individual was used to create the three pooled samples, and the FAA compositions were determined. The data in Table I show that the pool with the bmc1329 genotype of Oh545o2 had more than twice the FAA content of the heterozygous and the Oh51Ao2 genotype pool. In the Oh545o2 genotype pool, the concentration of amino acids from the Asp pathway is nearly double that of the other two genotypes. The relative content of most other amino acids is not significantly different between the pools, although the levels of Asp and Asn in the Oh545o2-related pool are reduced from 19% to 14% and 18% to 16%, respectively, compared with the Oh51Ao2-related pool. As a consequence, it appears that the allele in Oh545o2 for this QTL has a major effect on amino acid products of the Asp pathway.
Specific Activity and Feedback Inhibition Properties of DHDPS in Oh545o2 and Oh51Ao2 Endosperm
The striking difference in Asp pathway amino acids in these F 2:3 progeny led us to investigate the properties of AK in Oh545o2 and Oh51Ao2 endosperm. We measured the specific activity and feedback inhibition properties of partially purified AK from these inbreds at 15 and 20 DAP. The results in Figure 2A show that the specific activity of AK in Oh545o2 is nearly twice that of Oh51Ao2 at 15 DAP, but the values are nearly identical by 20 DAP. In both inbred lines, the specific activity of AK at 15 DAP is higher than at 20 DAP. Assays for AK feedback inhibition by 10 mm Lys and/or 10 mm Thr showed similar degrees of sensitivity to Thr, with only 10% inhibition at 15 and 20 DAP (Table II) . However, AK sensitivity to Lys is noticeably different between the inbreds. The AK in Oh545o2 is between 8% and 10% less sensitive to 10 mm Lys at both developmental stages (Table II) . When 10 mm Thr and 10 mm Lys were included in the assay, Oh545o2 AK had 30% of control activity, whereas Oh51Ao2 had about 23% of control activity.
For a more detailed comparison of the Lys feedback inhibition of these enzymes, assays were conducted with varying concentrations of Lys in the reaction. Figure 2B shows the AK in Oh545o2 is significantly less sensitive to Lys than that in Oh51Ao2 at 20 DAP. The Lys I 50 of the AK in Oh545o2 is more than 500 m, whereas that in Oh51Ao2 is around 250 m. Similar results were obtained whether the enzyme from 15 or 20 DAP endosperm was assayed.
HSDH Activity in Developing Endosperm of Oh545o2 and Oh51Ao2
Because AK-HSDH2 is also a candidate gene for the QTL on the long arm of chromosome 2, we characterized HSDH activity to obtain evidence for whether or not variation in the HSDH domain of the bifunctional AK-HSDH is involved in the regulation of the high FAA level in Oh545o2. Table III shows the specific activity of HSDH in Oh545o2 is lower than that in Oh51Ao2 at 15 DAP, but at 20 DAP the difference is not significant. The specific activity of both enzyme preparations at 20 DAP is lower than at 15 DAP, as was true for AK. We tested for feedback inhibition using high concentrations of Thr (5, 10, and 20 mm). With enzyme from 15 DAP endosperm, there was 70% to 80% of control activity in 20 mm Thr for the Oh545o2 and Oh51Ao2 enzymes, respectively (Table IV) . It is interesting that HSDH from Oh545o2 is more sensitive to Thr than the enzyme from Oh51Ao2 at 20 DAP.
Specific Activity and Feedback Inhibition Properties of DHDPS in Oh545o2 and Oh51Ao2 Endosperm
The genes encoding maize DHDPS have not been genetically mapped, so there is no information whether or not one of the four QTLs influencing FAA composition (Wang and Larkins, 2001 ) is associated with this enzyme. DHDPS is a key regulatory enzyme for Lys synthesis, and Oh545o2 has a much higher level of free Lys than Oh51Ao2. Therefore, it was of interest to investigate the activity of DHDPS in developing endosperm of these two inbreds. We used the same endosperm extracts to measure DHDPS activity as were used for HSDH assays. The DHDPS activity at 15 DAP is higher than at 20 DAP, with no difference between the two genotypes at 20 DAP (Table V) . At 15 DAP, the specific activity of the enzyme from Oh51Ao2 is higher than that from Oh545o2. However, the sensitivity of the two enzymes to feedback inhibition by Lys is almost identical, with an I 50 of 20 to 30 m at both developmental stages. More than 90% of the DHDPS activity in crude extracts is inhibited by100 m Lys (Fig. 3, A and B).
LKR Activity in Developing Endosperm of Oh545o2 and Oh51Ao2
The Lys catabolic pathway is a major factor determining the final Lys content of maize endosperm (Arruda et al., 2000) . LKR is the first enzyme involved in Lys degradation, and it is highly expressed in endosperm tissue. To test whether there is a difference in LKR activity in developing endosperm of these two inbreds, we measured LKR activity at several developmental stages. At 15 DAP, we did not detect any LKR activity. At 20 DAP, the LKR activity in Oh545o2 is much lower than that in Oh51Ao2; however, both activities are very low (less than 0.3 units mg Ϫ1 protein). The LKR activity at 25 DAP for both genotypes is higher than at earlier stages, and it is slightly greater in Oh545o2 than Oh51Ao2 (Fig. 4) . However, total activity of LKR for both genotypes is extremely low compared with their wild-type counterparts (5 units mg Ϫ1 protein; data not shown). Therefore, the slight difference in LKR activity in Oh545o2 and Oh51Ao2 does not appear to contribute significantly to the difference in free Lys levels.
DISCUSSION
The FAA analysis of pooled F 2:3 flour samples, based on the flanking marker genotype of the QTL on the long arm of chromosome 2, demonstrated that this locus has a large effect on the endosperm FAA content. It appears the allele from Oh545o2 has a recessive genetic effect, and relative to the allele from Oh51Ao2, it effectively doubles the FAA content of the endosperm (Table I ). The increased levels of Thr, Lys, Met, and iso-Leu in Oh545o2 are consistent with the hypothesis that this locus affects the Asp pathway. The reduced percentage (not absolute content) of Asp and Asn in Oh545o2 suggest that relatively more Asp enters this pathway. These data support our suggestion that AK is a good candidate gene to partially explain the high level of FAA in Oh545o2 (Wang and Larkins, 2001 ).
As appears to be true of other maize tissues, the Lys-sensitive AK seems to be the major form of the enzyme in endosperm (Dotson et al., 1989 (Dotson et al., , 1990b Azevedo et al., 1992a) . At first, we partially purified AK by ammonium sulfate precipitation, but its specific activity was too low to assay accurately. Therefore, we further purified the enzyme by phenyl sepharose chromatography, and this led to a several- fold increase in the specific activity. This AK had a specific activity of 3 to 8 units mg Ϫ1 protein, which is comparable to the activity described by other investigators using a similar method of purification (Dotson et al., 1989; Heremans and Jacobs, 1997; Gaziola et al., 1999) . We found 10 mm Thr inhibited only about 10% of the AK activity, whereas 10 mm Lys inhibited 56% to 74% of it, depending on the inbred and the stage of endosperm development (Table II) . It is interesting that 10 mm Lys plus 10 mm Thr only inhibited about 80% of the endosperm AK activity. This result is similar to that with the purified Lyssensitive AK from maize suspension-cultured cells (Dotson et al., 1989) . The observation that AK activity at 15 DAP is higher than at 20 DAP is also consistent with another study that showed endosperm AK has the highest activity at 16 DAP (Gaziola et al., 1999) . There may be less Lys-sensitive AK activity at 20 DAP because this enzyme preparation was less sensitive to inhibition by 10 mm Lys (Table II) .
Depending on the purity of the extracted AK and its source, the sensitivity of AK to feedback inhibition by Lys or Thr is variable. The partially purified AK we isolated is less sensitive to Lys feedback inhibition than the highly purified Lys-sensitive AK (Dotson et al., 1990b) . The enzyme we obtained has an I 50 between 250 and 500 m Lys (Fig. 2B ), but the one purified from maize suspension-cultured cells had an I 50 of 10 m (Dotson et al., 1990b) . One reason for the difference in Lys sensitivity is the fact that the partially purified enzyme contains Lys-resistant isoforms. Therefore, it is more appropriate to compare enzyme that has been purified to a similar extent. A partially purified Lys-sensitive AK from tobacco (Nicotiana sylvestris) leaves had an I 50 of 90 m Lys (Frankard et al., 1991) and the enzyme from barley (Hordeum vulgare) seedlings had an I 50 of 300 to 400 m (Bright et al., 1982; Rognes et al., 1983) . Another explanation for the higher Lys I 50 of the AK enzyme we isolated compared with the more highly purified form (Dotson et al., 1990b) , is that we isolated it from o2 endosperm. It has been shown that AK from o2 endosperm is less sensitive to Lys feedback inhibition than that from the normal genotype (Brennecke et al., 1996) .
We found HSDH in maize endosperm is very active, with the Thr-insensitive isoform predominating. Even in the presence of 20 mm Thr, there was still 50% to 70% of the HSDH activity in our enzyme preparations. As is true of AK and DHDPS, HSDH had a higher specific activity at 15 DAP than at 20 DAP (Table III) . This implies a higher activity of the Asp pathway at early stages of endosperm development. A change in HSDH sensitivity to Thr during development was also observed in maize leaves and shoots (Matthews et al., 1975) . In contrast to the results of Matthews et al. (1975) , we found HSDH to be more sensitive to Thr at later stages of endosperm development; there is no obvious explanation for the discrepancy between the two sets of experimental results.
The DHDPS in Oh545o2 and Oh51Ao2 endosperms is similarly sensitive to Lys feedback inhibition, although the specific activity of DHDPS in Oh545o2 is slightly lower than that in Oh51Ao2. The Lys I 50 of the crude DHDPS we prepared from both genotypes is between 20 and 30 m, similar to previous reports for DHDPS feedback inhibition (25 m) in maize and tobacco (Negrutiu et al., 1984; Frisch et al., 1990 ). This suggests that DHDPS is not related to the high level of free Lys in Oh545o2. AK and DHDPS play important roles in Lys metabolism, but DHDPS primarily regulates the level of free Lys and does not influence the level of other amino acids (Negrutiu et al., 1984; Ghislain et al., 1995) .
LKR does not appear to account for the difference in the FAA level in Oh545o2 compared with Oh51Ao2. The activity of this enzyme is very low in both genotypes, with slightly more activity at 25 DAP compared with earlier stages of development. LKR activity is somewhat lower in OH545o2 than in Oh51Ao2 at 20 DAP (Fig. 4) . The activity of this enzyme in both genotypes is substantially less (under 0.3 units mg Ϫ1 protein) than in their wild-type counterparts. This difference is typical for LKR activity in wild-type and o2 mutants (Brochetto-Braga et al., 1992; Gaziola et al., 1997; Kemper et al., 1999) . There is no doubt that the low activity of LKR in Oh545o2 is important for maintaining the high concentration of Lys as the endosperm matures, but it appears likely that the high level of Lys in this inbred is primarily a result of high levels of biosynthetic activity. Overall, the results of our studies indicate that Ask2 rather than AK-HSDH2 is the best candidate gene for the QTL on the long arm of chromosome 2 influencing FAA content. The similarity of HSDH activity in Oh545o2 and Oh51Ao2 and its sensitivity to Thr feedback inhibition indicate that HSDH is unlikely to be responsible for overproducing FAAs in Oh545o2. The difference in AK inhibition by Lys, but not by Thr, and the lower sensitivity of AK from Oh545o2 to Lys, suggest the monofunctional rather than the bifunctional AK is responsible for overproduction of Asp pathway amino acids. In other plant species, mutants with Lys-insensitive AK overproduce Thr as well as other amino acids (Frankard et al., 1992; Shaul and Galili, 1992) , so perhaps it is not coincidental that the FAA composition of Oh545o2 endosperm reflects that of the maize Ask2 mutant (Muehlbauer et al., 1994a) . Therefore, we hypothesize that the Ask2 allele from Oh545o2 encodes an AK that is less sensitive to Lys. We cannot dismiss the possibility that high levels of AK expression in Oh545o2 also contribute to the high-FAA phenotype. If high levels of AK influence the FAA phenotype, allelic variation in the promoter region of this gene could also be responsible for this QTL.
There is another observation that indirectly fails to support bifunctional AK-HSDH2 as the candidate gene for this QTL. Because the promoter region of the Arabidopsis AK-HSDH contains a putative GCN4-like element (Zhu-Shimoni and Galili, 1998) , the same could be true of the maize gene. Because the O2 protein can substitute for GCN4 in transformed yeast cells (Mauri et al., 1993) , one would predict that in an o2 mutant this enzyme would have a lower level of expression, and consequently, a lower level of amino acids would be synthesized. Thus, it would be surprising if the QTL encodes AK-HSDH2, based on what we know about the high-FAA phenotype of Oh545o2.
The FAA analysis of pooled F 2:3 samples (Table I) suggest the high FAA level regulated by this QTL is recessive. However, our mapping data suggest it is not completely recessive, i.e. it could be semidominant (Wang and Larkins, 2001 ). Analysis of the pooled F 2:3 individuals, based on flanking-marker genotype, may not accurately reflect the genotype of the QTL. As a consequence, the FAA composition of these samples may inaccurately represent the phenotype of the alleles of this QTL. We identified several QTLs that influence endosperm FAA content, and if the size of the population is not large enough to . LKR activity in Oh545o2 and Oh51Ao2 endosperm. LKR was extracted from 20-and 25-DAP endosperm of Oh545o2 (f) and Oh51Ao2 (F) as described in "Materials and Methods." One unit of activity was defined as the amount of enzyme that catalyzes the oxidation of 1 nmol of NADPH per min at room temperature (25°C). The value for each assay is the mean of at least three independent enzyme extractions. neutralize the effect of the other QTLs, the phenotype of the pooled samples would be correspondingly distorted. Most AK mutants are semidominant (Hibberd and Green, 1982; Diedrick et al., 1990; Dotson et al., 1990a; Frankard et al., 1991) , and it is possible the high level of Asp-derived amino acids in Oh545o2 is related to AK activity. It was predicted that the native monofunctional AK is a heterotetramer composed of two ␣-subunits and two ␤-subunits, which are encoded by Ask1 and Ask2, respectively (Dotson et al., 1989) . In the heterozygous condition, a single altered subunit of the enzyme may change its sensitivity to Lys inhibition.
To test our hypothesis regarding the role of Ask2 on FAA content in Oh545o2, it is necessary to isolate and characterize its alleles from these inbreds. We have obtained several maize AK cDNA clones, and experiments are in progress to map and characterize these genes. We have also developed recombinant inbred lines from the progeny of the Oh545o2 ϫ Oh51Ao2 cross, and these materials will allow us to prepare developing endosperm that can be used to analyze AK activity and FAA composition in individuals with a known genotype at their Ask2 locus.
MATERIALS AND METHODS
Plant Materials
Oh545o2 and Oh51o2 were grown in a greenhouse at the Campus Agricultural Center (University of Arizona). Developing kernels were harvested at 15, 20, and 25 DAP, frozen with liquid nitrogen and stored at Ϫ80°C. The kernels were degermed before use in enzyme assays.
Endosperm flour was prepared from F 2 progeny of a cross between Oh51Ao2 and Oh545o2, based on the genotype (25 homozygous like each parent and 55 heterozygous) of the simple sequence repeat marker, bmc1329, which flanks the QTL influencing FAA content on the long arm of chromosome 2 (Wang and Larkins, 2001).
Sample Preparation and FAA Analysis of Mature Endosperm
Extraction and analysis of mature endosperm FAAs was performed as described by Wang and Larkins (2000) . Twenty milligrams of flour was defatted for 1 h in a 1.5-mL centrifuge tube with 1 mL of petroleum ether. The ether was removed by centrifugation at 14,000 rpm for 10 min and another 1 mL of ether was added for 10 min. Following centrifugation, the ether was removed by aspiration, and the defatted samples were resuspended in 1 mL of sterile double-distilled water by shaking vigorously for 20 min at room temperature. The supernatant was saved and filtered through a C 18 reverse phase minicartridge (Vydac, Hesperia, CA) to remove soluble proteins. Five hundred microliters of the supernatant was dried with a speed vacuum drier (Southwest Instruments Biomedical Instrumentation, Tucson, AZ), and the pellet was resuspended in 50 L of sterile double-distilled water for amino acid analysis.
Amino Acid Analysis
Amino acid analysis was performed by the Laboratory for Protein Sequencing and Analysis (University of Arizona) using a post column Amino Acid Analyzer (Beckman 7300, Beckman Instruments Inc., Fullerton, CA; ninhydrin method). Amino acids were separated by ion-exchange chromatography using citrate buffer of increasing ionic strength and pH at varying temperatures. Amino acids were detected by mixing with ninhydrin, and the reaction was monitored by a colorimeter at 570 nm for primary amino acids and 440 nm for secondary amino acids.
AK Extraction
All procedures for enzyme extraction and analysis were carried out at 4°C. Five to 10 g of immature endosperm was ground with a Kinematica GmbH Polytron (Brinkman Instruments, Wesbury, NY) at a speed setting of 7 
AK Assay
The hydroxamate assay method was modified from a procedure described by Brennecke et al. (1996) . The assays were performed in a 500-L volume containing the following: 50 mm Asp (sodium salt), 20 mm Tris-HCl (pH 7.4), 1 mm DTT, 3% (v/v) glycerol, 8 mm MgSO 4 , 20 mm ATP (pH 7.4), and 480 mm hydroxylamine (neutralized with 4.8 n NaOH just before use). The assay was started by the addition of 100 L of enzyme. After incubating at 37°C for 40 to 60 min, the reaction was terminated by addition of 500 L of stop solution (0.67 m FeCl 3 , containing 0.5 m HCl and 20% [w/v] TCA). This mixture was centrifuged for 5 min with a bench top centrifuge at 14,000 rpm to remove precipitated protein, and the absorbance of the supernatant was stably read at 540 nm (Hitchcock and Hodgson, 1976) instead of 505 nm; 540 nm light gives slightly lower absorbance than 505 nm (Pechere and Capony, 1968 ) with a Beckman DU-65 spectrophotometer, but is more stable. A standard curve of L-aspartyl hydroxamate at 540 nm was established with commercial aspartyl hydroxamate (Sigma, St. Louis). The assay solutions were read against a blank containing all the components except the substrate, Asp, which was added just before the stop solution. One unit of activity was defined as the amount of enzyme that catalyzes the formation of one nmole of aspartyl hydroxymate per minute at 37°C. Inhibition assays were conducted with 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1.0, and 10 mm Lys, 10 mm Thr, and 10 mm Lys plus 10 mm Thr in the reaction solution.
Synthesis of ASA
ASA was synthesized using the method described by Black and Wright (1955) . Twenty milligrams of DL-allylGly (Sigma) was dissolved in 20 mL of 1 n HCl and placed in a 100-mL graduated cylinder on ice. Ozone was passed through the solution at a rate of 1.5 mmol per min for 40 min. The reaction mixture was frozen at Ϫ80°C for future use. A 6-mL aliquot of the reaction mixture was placed onto a 5-g, 55-mL bed volume Dowex 50-AGW (Sigma) column fabricated from a 60-mL disposable syringe barrel. The column was washed with 120 mL of water, and then the ASA was eluted using 120 mL of 4 n HCl. Attempts to monitor the elution of ASA using thin layer chromatography were not successful. However, a faint green-yellow coloring of the eluate after 24 mL coincided with ASA. The fractions containing this colored product were pooled, divided into 2-mL aliquots, and stored at Ϫ80°C. Enzymatic analysis of the l-ASA solution indicated a yield of 80% of the theoretical amount at a final concentration of 167 mm.
Enzyme Preparation for HSDH and DHDPS
All procedures were carried out at 4°C. The method described by Bryan and Lochner (1981) and Walter et al. (1979) was used for HSDH extraction, with minor modifications. Developing kernels were degermed and ground with a Polytron homogenizer in 5:1 (v/w) buffer E (100 mm potassium phosphate buffer [pH 7.5], 1 mm EDTA, 5 mm l-Thr, 1.4 mm ␤-mercaptoethanol, 20% [v/v] glycerol, and 1 mm PMSF). The homogenate was centrifuged for 35 min at 20,000g and the supernatant was collected. Finely ground (NH 4 ) 2 SO 4 was added to the supernatant until 70% saturation. The solution was stirred for 30 min and then centrifuged for 35 min at 20,000g. The pellet was resuspended in buffer E, desalted with a G-50 column, and stored at 4°C until use.
HSDH Assay
HSDH activity was measured in the forward direction by monitoring the oxidation of NADPH at 340 nm with a Beckman DU-65 spectrophotometer (Walter et al., 1979) . The 1-mL reaction solution contained the following: 200 mm potasssium phosphate (pH 7.0), 1.4 mm ␤-mercaptoethanol, 0.2 mm NADPH, 6 mm ASA (the 167-mm stock solution was neutralized with 4 n NaOH just before use), and 30 L enzyme. The decrease in A 340 was recorded for 1 to 5 min at an interval of 1 min. The control assay solution contained all components except ASA. One enzyme unit was defined as the amount required for the oxidation of 1 nmol of NADPH per min at room temperature (25°C). For the Thr inhibition assay, 5, 10, and 20 mm Thr was added to the reaction solution.
DHDPS Assay
Enzyme activity was measured in 1.5-mL centrifuge tubes containing 100 mm Tris-HCl (pH 8.0), 10 mm pyruvate, 4 mm ASA (the 167-mm stock solution was neutralized with an equal volume of 4.0 n NaOH just before use), 20 to 60 L of enzyme, and sterile double-distilled water to a final volume of 250 L. The tubes were incubated at 37°C for 30 to 60 min, and the reaction was stopped by addition of 1 mL of stop buffer (0.22 m citric acid and 0.55 m sodium phosphate [pH 5.0]) containing 0.25 mg mL Ϫ1 o-aminobenzaldeye (Sigma). The color was allowed to develop for 3 to 6 h at 37°C. Maximal color formation occurred after 3 h at 37°C, and the color remained stable for an additional 10 h. After color formation, the samples were centrifuged at 10,000g for 5 min and the absorbance was read at 520 nm with a DU-65 Beckman spectrophotometer. The control assay solution contained all the reaction components except pyruvate. One unit of enzyme activity was defined as the amount required for an increase of 0.001 A 520 min Ϫ1 at 37°C. Inhibition assays were conducted with 10, 20, 30, 40, 50, and 100 m Lys.
LKR Extraction and Assay
Five grams of developing endosperm was ground with the Polytron homogenizer in buffer F (100 mm Tris-HCl [pH 7.4], 1 mm DTT, 1 mm EDTA, 0.1 mm PMSF, 15% [v/v] glycerol, and 5% [w/v] insoluble PVPP) and centrifuged at 20,000g for 20 min. The supernatant was brought to 33% (NH 4 ) 2 SO 4 by adding a half volume of 100% saturated (NH 4 ) 2 SO 4 and centrifuged at 20,000g for 20 min. Solid (NH 4 ) 2 SO 4 was added to bring the solution to 60% saturation. This mixture was stirred for 30 min and then centrifuged at 20,000g for 30 min. The pellet was resuspended in 1 mL buffer F without PVPP, desalted with a Sephadex G-20 column (Pharmacia Biotech) in buffer F without PVPP, and then stored at 4°C until use.
The reaction mixture had a final volume of 1 mL and contained 20 mm Lys, 10 mm ␣-ketoglutaric acid (neutralized to pH 7.0 with KOH), 0.1 mm NADPH, 0.2 m Tris-HCl (pH 7.4), and 0.04 to 0.1 mg of protein. Oxidation of NADPH was monitored at 340 nm with a Beckman DU-65 spectrophotometer at room temperature. The control assay solution contained all components except Lys. One unit of activity was defined as the amount of enzyme required for
